The analysis of the influence of precipitation processes as well as dislocation structure on the transformation course and its characteristic parameters in NiTi shape memory alloys was carried out. In order to describe structural changes caused by thermo-mechanical treatment, transmission electron microscopy technique was applied; the study included in situ observations during cooling and heating the specimen in the microscope. The structural changes were related to the evolution of the martensitic transformation determined from the differential scanning calorimetry (DSC) measurements. It was found that the non-homogeneity of stress fields caused by presence of coherent precipitates or by specific dislocation structure results in a multi-stage martensitic transformation. The transformation is preceded by the R-phase transition. Also this transformation can occur in many stages. A thermodynamical model of the multi-stage martensitic transformations occurring in the twocomponent NiTi alloys was elaborated, which allows anticipation of the transformation sequences in these alloys.
Introduction
In the Ni-Ti system it is the B2 intermetallic NiTi phase that undergoes the reversible martensitic transformation to the B19 0 monoclinic phase. For an alloy of any composition (provided it ensures the B2 phase presence) cooled down very slowly the transformation occurs always at the same temperature i.e. about 300 K. In the Ni-rich alloys the precipitation process may take place that changes the transformation characteristic temperatures and/or its sequence. There are several variants of this process depending on the ageing temperature, T a . 1) These are:
953 K AE 10 K < T a < 823 K AE 10 K B2 0 ! B2 1 þ Ni 3 Ti for T a > 823 K AE 10 K; where B2 n;n¼0;1;2;3 means supersaturated solid solution of Ni in the B2 phase of different Ni concentration.
However, the only particles that significantly influence the course of the martensitic transformation in the NiTi alloy are the Ni 4 Ti 3 particles. The strain fields around these coherent precipitates as well as the decrease of the Ni concentration in the matrix change the characteristic transformation temperatures and cause occurrence of the R-phase transition preceding the B19 0 martensite formation. Similar effects take place in the NiTi equiatomic alloys deformed and then annealed at temperatures below the recrystallisation temperature. 2, 3) In both cases additional effects in form of a multistage transformation were often observed. The first data on the multistage martensitic transformation were given by Todoroki and Tamura, 4) Stróż et al. 5) and Zhu et al. 6) It was found that depending on the applied thermal treatment there exist three or even four more or less overlapping peaks on the DSC cooling curves.
6) The occurrence of the R-phase transition in these alloys is understandable as this transition causes less lattice distortions and thus is favored when the internal stresses exist in the sample. However, the presence of two stages of the R ! B19 0 transformation is still a matter of discussion.
In the paper the trial of explaining the above described transformation behavior is undertaken on the base of thermodynamical considerations.
Experimental
Commercial NiTi alloys of nominal composition Ni51 at%-Ti and Ni50 at%-Ti were the subject of the studies. The samples were homogenized at 1123 K for 3.6 ks in order to ensure single phase material of the B2 structure.
The specimens of the Ni-rich alloy were aged in the temperature range 573-873 K for 3600 s. The second alloy was cold rolled with the reduction of 10% and then annealed in the temperature range 573 K-873 K. The alloy structure was studied with the use of the JEOL 3010 TEM operating at 300 kV and the transformation course was observed with the use of the DSC technique (Perkin Elmer equipment) using the cooling/heating rate of 10 degrees/min.
Results
Directly after homogenization both alloys showed the ordered B2 structure with very small number of dislocations (Fig. 1) . The DSC curves proved that a single transformation B2 $ B19 0 below room temperature took place in the alloys (Fig. 2) . The Ni-rich alloy showed quite a wide transformation range and low transformation characteristic temperatures which was due to large amount of Ni atoms in the solid solution. Ageing of the Ni-rich alloy in the temperature range 573-773 K causes precipitation of the Ni 4 Ti 3 phase. The particles are of lenticular shape, form on the f111g B2 habit plane and, dependent on the aging conditions, are coherent or semicoherent with the parent phase matrix. They produce large strain fields in the matrix lattice especially in the
The Japan Institute of Metals direction perpendicular to the particle i.e. h111i direction of the B2 phase (Fig. 3) . These strain fields are especially well seen in the dark field images taken in the two-beam conditions ( Fig. 3(b) ). The high resolution observation revealed coherency between the matrix and precipitate lattices (Fig. 4) . The inserted processed parts of the images reveal the lattice planes continuing through the interfaces, only some misfit dislocations can be distinguished in some places.
The DSC curves for the aged alloy showed a complicated character. 7) For short ageing times and/or low ageing (b) (a) showing the strain fields around precipitates.
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temperature wide peaks for both transformations are observed, in some cases spread for two stages. Prolonging the ageing time causes occurrence of the two steps of the B19 0 transformation peaks. An example of the DSC cooling curves for the specimens aged at 773 K for different times is given in Fig. 5 . Short ageing times cause that the peaks of both transformations are spread over a relatively large temperature range. Ageing at 773 K for longer times causes that the Rphase transition undergoes in a single step and the B19 0 phase is formed in two steps. In order to explain this complicated course of the transformations the observations during in-situ cooling of the sample in the TEM were carried out. It was found that on cooling the R-phase transformation takes place around the coherent particles at first ( Fig. 6(b) ) then at lower temperature in the regions between the precipitates ( Fig. 6(c) ) and the B19 0 transformations proceeds in the same way, first around the precipitates (Fig. 6(c) ).
Very similar effects were observed in the near-equiatomic alloy subjected to cold-rolling followed by annealing. The DSC curves for the alloy showed multi-step transformations of both the R-phase and the B19 0 martensite (Fig. 7) . The TEM observation revealed cellular structure of dislocations formed in the annealed samples (Fig. 8) . The contrast around the dislocations is unusually thick. At the same moment the diffraction patterns show extra spots at the 1/3 and 2/3 of h110 B2 i reflections which means that the R-phase is present in the sample. We were not able to directly localize the Rphase due to small distances between the R-phase and matrix spots. They are too small to separate the R-phase spot by the objective aperture and take the dark field image of the R phase only. However, the thick contrast seen around the dislocations allows us to suggest that these are the places where the R-phase starts to form. Therefore, we believe that the reason of two stages of the R phase and the following B19 0 transformations is similar as in case of the alloys containing precipitates i.e. it is caused by differences in the strain fields close to the dislocation cell boundaries and inside the cells.
Discussion
Basing on the obtained results there was created a theoretical model of the transformations occurring in the NiTi alloy containing coherent precipitates. Two phenomena have been taken into account: the heterogeneity of the strain fields as well as the chemical composition of the matrix.
Considering a simple parent phase ) martensite transformation the thermodynamical equilibrium between the two phases is given by the equation:
is the change of the system elastic energy, ÁE P-M i is the friction energy part connected with the transformation, and ÁH P-M and ÁS P-M are the changes of enthalpy and entropy, respectively. T is temperature.
Then, the change of the elastic energy can be expressed as follows: are so small that they can be neglected, the following expression can be obtained:
Let's now consider a situation in which there exists non-homogeneous distribution of strain in the material and thus its whole volume can be divided into two parts V 1 and V 2 that differ in the strain stage so that 1 < 2 , where 1 and 2 are the mean values of stress in V 1 and V 2 , respectively. This is a situation of an alloy containing coherent precipitates that produce strain fields in the matrix. Then the V 1 will be a region far from the particles, while V 2 -a region around them. It can be calculated that the difference in the R-phase transformation temperature between those two regions is given by the expression: This can be rewritten: 
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exothermal and thus it occurs with the heat release), E P e ð2Þ > E P e ð1Þ and taking into account that the R-phase transformation leads to the smaller increase of elastic energy in the regions of strain fields 9, 10) i.e. E will depend on the difference between the elastic energies of the two regions V 1 and V 2 .
The difference between the elastic energy in V 1 and V 2 for the B2 parent phase is similar to this difference for the B19 0 martensite, because these phases have similar elastic modula.
11) The difference between the elastic energy in the two regions for the R-phase is smaller because of its smaller value of the elastic modulus. This influences the value of the differences between the transformation temperature for the two regions. It is much larger for the R ) M than for the B2 ) R transformation. In other words occurrence of the internal stresses in the matrix effects strongly the B19 0 martensite transformation temperature and less the R-phase transition temperatures. This effect is a consequence of different slopes of the free energy curves for the particular phases ( Fig. 9(a) ). Similar considerations can be done in the case when there exist fluctuations of the chemical composition of the matrix. Again for simplicity let's divide the specimen into two volumes V 1 and V 2 which differ in the nickel content so that c 1 < c 2 , where c 1 and c 2 are the Ni concentrations in V 1 and V 2 . In this case we assume that there is no local changes of strain. Thus, the thermodynamical equilibrium will be influenced only by the chemical part of the free energy G ch ¼ H À TS. The thermodynamical equilibrium between the B2 and the R phases can be written as: Fig. 8 Dislocation structure of the near-equiatomic alloy deformed by 10% and then annealed at 673 K (a) and 773 K (b) for 3.6 ks, the R-phase (its diffraction pattern shown in top right corners) formed at the dislocations causes thick dark contrast around them. Arrows show examples of the R-phase formed close to the dislocations. Fig. 9 Free energy of the P (parent phase), R (R-phase) and martensite M (B19 0 martensite) versus temperature for two regions of the sample that differ in internal stress (a) or Ni-concentration (b) and resulting changes of the characteristic temperatures.
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for the V 2 region;
This means that local temperature of the transformation is determined by both enthalpy and entropy differences that cause not only the shift of the free energy curve but also change its slope. However, it can be show that for the studied Ni concentration ÁS does not depend on the matrix nickel content and it influences only the enthalpy. So, we can assume that ÁS
The same consideration can be carried out for the R ) B19 0 . In both P ! R and R ! B19 0 transformations ÁS is negative and ÁH for the exothermal transformation is also negative. From experimental data 7) we know that transformation temperature decreases with the increasing Ni concentration in the matrix (T RM 2 < T RM 1 ) and so the following relation must be fulfilled: jÁH
it is known that the R-phase transformation temperature versus Ni-concentration behaves in the same way as the B19 0 transformation temperature. Hence, the enthalpy changes of the B2, R and B19 0 phases must be related in the following way: ÁH B2 < ÁH R < ÁH B19 0 (Fig. 9(b) ). Only in this case we will get the experimentally observed relationship of the characteristic temperatures and the Ni concentration.
However, in reality both these cases can occur simultaneously. In fact in some cases they must occur simultaneously. The following situations are possible:
(1) Presence of regions V 1 and V 2 in which c 2 > c 1 and 2 > 1 , (2) Presence of regions V 1 and V 2 in which c 2 > c 1 , but 2 < 1 . The first situation is simple and it leads to further split of the both transformation peaks because the both factors cause the free energy curves move in the same direction.
But the second situation in which in the region V 1 there are coherency strains i.e. 1 > 2 and in the same moment in the region the Ni-concentration is reduced c 1 < c 2 is more complicated as both the factors shift the free energy corves in opposite directions. In this case the transformation course will depend on values of the strain and concentration nonhomogeneities. If they are known, the model allows to predict the transformation behavior.
However, some general tendencies can be drawn also without knowing these values. The differences of strains have much stronger influence on the peak splitting of the B19 0 phase than in case of the R-phase transition. Thus, in the result of acting of the two factors one can get the situation when the B19 0 transition in V 2 region will occur at higher temperature than in V 1 . Such a change of the transformation behavior will never occur in the case of the R-phase because this transformation is less sensitive for stress fields and sensitive to the chemical composition change in the same way as the B19 0 transformation.
Conclusions
(1) Presence of the internal stresses around precipitates and/or close to dislocations is the cause of the multiplied R-phase and B19 0 martensite transformations. (2) Two stages of the B19 0 martensite transformation have never been observed in alloys at which this transition was not preceded by the R-phase transformation. Occurrence of the R-phase transformation causes decrease of the driving force for the B19 0 transformation. In the result the local changes in the elastic energy strongly affect the transformation temperatures. This may cause the broadening of the DSC peaks but not their splitting. Therefore, there must be coexistence of both the factors i.e. internal stress and chemical composition inhomogeneities to get splitting of the R-phase peak, while the behaviour of the B19 0 transformation will depend on the factor that dominates.
